Background: Inadequate control for potential methodological biases has been suggested as an explanation for the conflicting findings concerning the relationship between body mass index (BMI) and mortality. Methods: Using data from the Shanghai Women's Health Study, a prospective cohort study conducted in a relatively lean population, we examined the associations of BMI at various ages and average adult BMI with mortality and evaluated the impact of potential biases related to preexisting illness and cigarette smoking on the associations. Included in the analysis were 74 896 women aged 40-70 years with anthropometrics taken by trained interviewers at baseline (1996)(1997)(1998)(1999)(2000). Recalled body sizes at ages 20 and 50 years were also obtained for older women. Participants were followed through April 2007 by biennial home visits and linkage with the vital statistics registry. Results: During a mean follow-up of 7.4 years, 2389 deaths occurred. In initial analyses, both low and high levels of baseline BMI were associated with an increase in mortality, whereas mortality increased monotonically with increasing levels of average adult BMI, BMI at the age of 50 years and, to a lesser extent, BMI at the age of 20 years. A direct monotonic relationship between baseline BMI and mortality emerged after accounting for potential biases. Controlling for potential biases also strengthened the positive associations of average adult BMI and BMI at ages 20 and 50 years with mortality, with a hazard ratio comparing the highest vs the lowest quartiles of average adult BMI reaching 2.19 (95% CI, 1.67-2.88). Conclusion: High BMI during adulthood consistently predicts mortality risk after accounting for potential biases.
Introduction
It has been argued that conflicting findings regarding the relationship between body weight and mortality can be reconciled by carefully considering potential sources of bias. [1] [2] [3] [4] The most serious concern in studies of body weight and mortality is that low body weight may be the result rather than the cause of a preexisting illness that leads ultimately to death, a phenomenon referred to as reverse causation. [1] [2] [3] [4] This phenomenon could underlie, at least in part, the elevated risk of death associated with leanness observed in many epidemiologic studies. Another possible concern is related to confounding by cigarette smoking. [1] [2] [3] [4] Smoking is known to be associated with reduced body weight and is a major cause of premature death. As with preexisting disease, smoking could also exaggerate the risk of death among individuals with low body weight. Given their potential threats to the validity of studies, it has been recommended that biases due to reverse causation and confounding by smoking need to be addressed carefully in data analyses by limiting analyses to individuals who have no preexisting chronic disease at study baseline, have no substantial weight loss prior to baseline and have never smoked. [1] [2] [3] [4] Weight loss due to clinical or subclinical illness and preferential loss of lean body mass often occur in old age, posing a particular methodological challenge for studies of older people. [1] [2] [3] Therefore, body mass index (BMI, calculated as weight in kilograms divided by height in meters squared) assessed in old age may not capture the true long-term adverse health effect of excess adiposity. 1 BMI assessed at a younger age or average adult BMI may be more informative than BMI assessed in old age for elucidating the contribution of adiposity to mortality. 1, 5, 6 We evaluated the impact of potential methodological biases on the relationship between BMI and mortality in the Shanghai Women Health Study (SWHS). In addition to BMI at study baseline, we examined BMI at 20 and 50 years of age and average adult BMI in relation to mortality.
Methods
The Shanghai Women Health Study is a population-based, prospective cohort study of adult Chinese women. Details of the study methods have been described elsewhere. 7 Briefly, all women 40-70 years of age living in seven typical urban communities of Shanghai were invited to participate in the study. Between December 1996 and May 2000, a total of 74 942 women were recruited, with a participation rate of 92.7%. Baseline surveys and anthropometric measurements were taken at participants' homes by trained interviewers. Structured questionnaires were used during the surveys to obtain information on demographics, diet and other lifestyle habits, weight history (including weights at ages 20 and 50 years for older women), medical history and other characteristics. The food-frequency and physical-activity questionnaires used in the SWHS have been validated.
8,9
Anthropometry Participants were asked to wear light indoor clothing when they were measured for weight, height, and circumferences of the waist and hips by trained interviewers at baseline. Measurements were taken uniformly according to a standard protocol. Weight was measured to the nearest 0.1 kg, using a digital weight scale that was calibrated every 6 months. Height and circumferences were measured to the nearest 0.1 cm. All measurements were taken twice, and the average of the weight and height measurements was used to calculate baseline BMI. Body mass index at the age of 20 years was derived from recalled weight and height at the age of 20 years, and BMI at the age of 50 years was derived from recalled weight at the age of 50 years and measured height at baseline for women over 50 years of age. Finally, average adult BMI was calculated as a measure of usual adult BMI based on BMI at baseline and at ages 20 and 50 years.
Outcome ascertainment
Participants were followed up by means of biennial in person contact and record linkage to the Shanghai Cancer Registry and the Shanghai Vital Statistics Registry. The primary end point for the present analysis was death from all causes that occurred after the baseline survey, with follow-up through 30
April 2007. As of this date, follow-up for the vital status of participants was more than 99% complete. The underlying cause of death was determined on the basis of death certificates, which were coded uniformly according to the codes of the International Classification of Diseases, Ninth Revision (ICD-9) by trained health professionals at the Shanghai Vital Statistics Unit. In particular, we examined deaths from cancer (ICD-9 codes 140 to 208) and cardiovascular disease (CVD, codes 390 to 459).
Statistical analysis
We first conducted analyses among all participants with BMI measured at baseline (n ¼ 74 896). We then focused the analysis on women over 50 years of age (n ¼ 36 035), for whom BMI at various ages was assessed. Of these older women, 72.3% (n ¼ 26 055) had complete data on BMI at ages 20 and 50 years, BMI at baseline (51-70 years), and average adult BMI. Women were categorized according to quartiles of BMI at various ages and average adult BMI, with the lowest quartiles serving as the reference categories. Cox proportional hazards models were used, with age as the time scale, to estimate hazard ratios (HRs) of death associated with each BMI category and their 95% confidence intervals and to adjust for potential confounders. 10 Entry time was defined as the age at enrollment and exit time was defined as the age at death or censoring. Tests for linear trend in risk across BMI categories were performed by using the median value for each BMI category and modeling them as continuous variables. Covariates considered for analyses of BMI at baseline, BMI at the age of 50 years and average adult BMI included age (continuous), education level (four categories), occupation (three categories), family income (four categories), menopausal status (premenopausal or postmenopausal), use of hormone therapy (yes or no), amount of regular exercise (hours/week, four categories) over the past 5 years, cigarette smoking (yes or no), alcohol consumption (yes or no), and intake of saturated fat, vegetables and fruits (continuous). For analysis of BMI at the age of 20 years, the multivariate model included age and exercise during adolescence. In addition, we used restricted cubic spline regression, a flexible statistical technique, to evaluate the association between BMI and mortality. 11 The median value of BMI was treated as the reference point, with knots placed at the 5th, 50th and 95th percentiles of the BMI distribution.
To make the graph more stable and meaningful, subjects with extreme BMI (below the 1st percentile or above the 99th percentile) were excluded from the data set used to fit the spline model. Of the total participants, 2111 were ever smokers, including current and former smokers, 7451 reported previous coronary heart disease, stroke or cancer at baseline, 745 died within the first 3 years of follow-up and 1713 had lost more than 10% of their weight since the age of 50 years. Because these women had characteristics that might contribute to biases, analyses were conducted both with and without BMI at various ages and mortality in Chinese women X Zhang et al including them to demonstrate the influence of potential methodological factors. We evaluated the proportional hazards assumption by including interaction terms between exposure variables and follow-up time and found no evidence of violating the assumption. Statistical analyses were performed using SAS statistical software (version 9.1; SAS Institute Inc., Cary, NC, USA). All statistical tests were based on two-sided probability.
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. The study was approved by the relevant Institutional Review Boards for human research in China and in the United States.
Results Table 1 presents the characteristics of the study population. The mean age (standard deviation (s.d.)) of the participants was 52 years (9.1) at baseline. The mean values (s.d.) for BMI at baseline, at ages 50 and 20 years and for average adult BMI were 24.0 (3.4), 23.5 (3.3), 19.6 (2.5) and 22.6 (2.5), respectively.
During a mean follow-up of 7.4 years, 2389 deaths were identified among the entire cohort, with 1325 occurring in individuals who had conditions potentially contributing to biases. Figure 1 illustrates the influence of control for potential methodological biases on the shape of the curve for age-adjusted HRs of total mortality in relation to baseline BMI among the entire cohort. In an initial analysis including all subjects, both low and high levels of baseline BMI were associated with an increased risk of death ( Figure 1a) . However, when exclusionary strategies were applied to account for potential biases, including preexisting diseases, early death, weight loss and smoking, the increase in mortality associated with low levels of baseline BMI was reversed and a direct monotonic relationship between baseline BMI and mortality emerged (Figure 1b) . Figure 2 compares the shapes of the curves for age-adjusted HRs of total mortality associated with average adult BMI in older women before (Figure 2a ) and after ( Figure 2b ) accounting for potential biases, respectively. Unlike the U-shaped relation with baseline BMI in the initial analyses, the risk of death increased monotonically with increasing levels of average adult BMI (Figure 2a) . Controlling for potential biases further strengthened the positive association (Figure 2b ). Similar patterns were observed for BMI at ages 20 and 50 years. Table 2 summarizes the HRs and 95% confidence intervals of total mortality according to quartiles of BMI at various ages and average adult BMI in older women before and after applying exclusionary strategies. After accounting for potential biases, the HRs of death increased consistently with increasing quartiles of BMI. The age-adjusted HRs (95% confidence intervals) of death for the highest vs the lowest BMI quartiles were 1.74 (1.34-2.25), 2.06 (1.58-2.67), 1.34 (1.05-1.71) and 2.19 (1.67-2.88) for BMI at baseline, BMI at the age of 50 years, BMI at the age of 20 years and average adult BMI, respectively. Further adjustment for a range of potential confounders did not alter the results significantly. Table 3 shows the HRs of death from cardiovascular disease (CVD) and cancer according to quartiles of BMI at various ages and average adult BMI after accounting for potential biases. BMI at baseline, BMI at the age of 50 years and average adult BMI all showed strong positive associations with CVD and cancer mortality, whereas BMI at the age of 20 years showed positive but nonsignificant associations.
Comment
In this cohort study of Chinese women, we found that a U-shaped relationship between baseline BMI and mortality became a positive linear one after accounting for potential methodological biases. Average adult BMI and BMI in midlife showed more robust positive associations with mortality. BMI at the age of 20 years also appeared to predict total mortality, despite its relatively small degree of variation. It is worth noting that unlike previous studies, most of which were conducted in Western populations, our study was conducted in a generally lean population of Chinese women, with the mean values of BMI from age 20 years to study baseline all below 25.0, the cut point for overweight. BMI at various ages and mortality in Chinese women X Zhang et al 
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Nevertheless, a consistent, monotonic dose-response relationship was observed between BMI at various ages and subsequent mortality. Given these findings, the importance of achieving and maintaining a healthy weight throughout adulthood cannot be overemphasized. Our study illustrates clearly the influence of potential methodological biases on the relationship between BMI and mortality. As smoking was uncommon in our study population, the observed significant change in the shape of the curve for BMI at baseline and mortality primarily reflected the effect of controlling for reverse causation bias. Several previous studies have also demonstrated varying associations between BMI and mortality depending on the analytic approaches used. 5, 6, [12] [13] [14] [15] [16] [17] For example, in the Nurses' Health Study, a J-shaped association was observed in an initial analysis of the entire cohort; however, as seen in our study, a clear linear association emerged in a separate analysis that excluded ever smokers, early deaths and those with significant weight change. 12 In the National Institutes of Health-AARP Diet and Health Study, similar to our finding, BMI at the age of 50 years showed a much stronger positive association with mortality than BMI at study baseline when participants were 50-71 years old. 5 Also consistent with our results, the association of excess adiposity with mortality was found to be markedly strengthened by using average BMI in an analysis of data from the First National Health and Nutrition Examination Survey Epidemiologic FollowUp Study. 6 It remains unclear, however, why a J-or U-shaped relation between BMI and mortality persisted after accounting for baseline disease and smoking status in some other studies. 18, 19 Although there has been some debate over this issue, the possibility cannot be dismissed that inadequate control for potential biases, particularly the reverse causation bias, may have contributed to the conflicting findings.
1,2
Given the increased prevalence of chronic diseases and the reduced validity of BMI as a measure of adiposity in the elderly, simplistic analyses using current BMI could be particularly misleading in this group. [1] [2] [3] In addition to BMI assessed at earlier ages, other measures of adiposity also need to be considered. 20 We and others have shown previously that waist-to-hip ratio was a strong and robust predictor of mortality in women. [21] [22] [23] Taken together, these findings underscore the importance of taking into account methodological factors in studying the effect of excess adiposity on mortality.
There is compelling evidence supporting the biological plausibility of a positive relation between adiposity and Excluding subjects who ever smoked, reported previous cardiovascular disease or cancer at baseline or substantial weight loss since the age of 50 years or died within the first 3 years of follow-up.
b Analyses of BMI at baseline, at the age of 50 years and average BMI adjusted for age, education, occupation, annual family income, menopausal status, hormone therapy, amount of exercise, alcohol consumption, and intakes of saturated fat, vegetables and fruits. For BMI at the age of 20 years adjusted for age and amount of exercise during adolescence.
BMI at various ages and mortality in Chinese women X Zhang et al mortality. It is well known that obesity is a major risk factor for numerous chronic diseases, such as type 2 diabetes, hypertension, cardiovascular disease and certain types of cancer. 24 Adipose tissue has been recognized as an active endocrine and paracrine organ capable of releasing a large number of cytokines and bioactive mediators, including leptin, adiponectin, interleukin-6 and tumor-necrosis factora, that play important roles in the pathogenesis of many obesity-related diseases. 25 Among the key pathways involved are insulin resistance and low-grade systemic inflammation induced by excess adiposity. 25, 26 Our study is limited mainly by a lack of data to validate the accuracy of recalled body sizes at ages 20 and 50 years, although recall of past weights is generally known to be fairly accurate. 27, 28 Another limitation of the study is the possibility of misclassification of the cause of death based solely on death certificates. However, a study evaluating the validity of cause-of-death statistics in urban China, including Shanghai, has shown that information on death certificates was reasonably accurate with regard to major causes of death, such as CVD and cancer, suggesting that our results on causespecific mortality were unlikely to be seriously biased. 29 Finally, we cannot completely rule out the possibility of residual confounding due to crudely measured or unmeasured covariates, despite having adjusted for a range of potential confounders. Nevertheless, our study provides strong evidence that even in a relatively lean population, increasing BMI during adulthood is associated with a significant increase in mortality. Our findings reinforce the need to consider potential methodological limitations in assessing the relationship between measures of adiposity and mortality. Excluding subjects who ever smoked, reported previous cardiovascular disease or cancer at baseline or substantial weight loss since the age of 50 years or died within the first 3 years of follow-up. Analyses of BMI at baseline, the age of 50 years and average BMI adjusted for age, education, occupation, annual family income, menopausal status, hormone therapy, amount of exercise during the past 5 years, alcohol consumption, and intakes of saturated fat, vegetables and fruits. For BMI at the age of 20 years adjusted for age and amount of exercise during adolescence.
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